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© Accurate MOS threshold voltage generator. 

© A threshold voltage generator for a field-effect 
transistor, being of a type adapted to compensate 
for variations of the threshold voltage from a nominal 
value, comprises: 

a first amplifier (2) having a first input (A) con- 
nected to a current generator (Id); 

a second amplifier (3) connected ahead of a 
second input (B) of the first amplifier (A) and having 
an input connected to another current generator (Id): 

a third amplifier (4) connected after the first 
amplifier (2) and having an output (U) adapted to 
produce the value of said threshold voltage (Vth). 




FIG. - 1 
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This invention relates to a threshold voltage 
generator for a field-effect transistor. 

More particularly, the invention concerns a 
threshold voltage generator for a MOS transistor, 
which is effective to compensate for variations in 
the threshold voltage from a nominal value. 

As it is well known, threshold voltage Vth is the 
voltage that must be applied across the gate and 
source electrodes of a MOS transistor in order to 
have a current flown through the transistor. 

This voltage is, therefore, a parameter of pri- 
mary importance to the control of the operation of 
integrated circuits made in accordance either with 
the CMOS or mixed bipolar-MOS (BiMOS) technol- 
ogies. 

The nominal value of the threshold voltage is 
set by the technological process, but this value 
does not remain constant over time due to a num- 
ber of factors, among which are: variations in some 
parameters of the manufacturing process; operating 
temperature; and ageing of the integrated circuit. 
These factors bring about changes which are dif- 
ficult to foresee, with variations of up to 40% in the 
value of the threshold voltage Vth with respect to 
the nominal value. 

To obviate this problem, the prior art has pro- 
posed a circuit approach described by Y. P. 
Tsividis and R. W. Ulmer in an article "Threshold 
voltage generation and supply-independent biasing 
in CMOS integrated circuits", Electronic Circuits 
and Systems, Vol. 3, issue No. t, January, 1979. 

That approach provides a circuit device ca- 
pable of generating a voltage with a value which is 
an integer multiple of the threshold voltage Vth, to 
thereby provide an independent supply source hav- 
ing a desired value and adapted for use as a 
reference voltage to attenuate the effects from the 
threshold voltage variability. 

While being in many ways advantageous, this 
prior approach falls short of solving all the prob- 
lems involved in making typical integrated circuits. 

Specifically, the circuit proposed by the prior 
art has shown serious accuracy limitations where 
called upon to generate threshold voltages below 

0. 4 Volts. Further, it has been impossible to detect 
threshold voltages of n-channel MOS transistors 
made with processes of the so-called P-well type, 

1. e. doping processes wherein regions of the P-well 
type are formed in the substrate of the semicon- 
ductor. 

Likewise, the circuit is unable to detect thresh- 
old voltages of p-channel MOS's obtained with 
processes of the N-well type. 

The technical problem that underlies this inven- 
tion is to provide a threshold voltage generating 
circuit, particularly for MOS transistors, which has 
such structural and performance characteristics as 
to overcome the drawbacks with which the above 



prior approach is beset. 

This problem is solved by a voltage generator 
of the kind set forth above and defined in the 
characterizing portion of Claim 1 . 
5 The features and advantages of a threshold 

voltage generator according to the invention will 
become apparent from the following detailed de- 
scription of an embodiment thereof, given by way 
of non-limitative example with reference to the ac- 
w companying drawings. 
In the drawings: 
Figure 1 is a diagramatic view of a voltage 
generator according to the invention; 
Figure 2 is a diagram showing the generator of 
15 Figure 1 in greater detail; and 

Figure 3 is a further diagram showing a modified 
embodiment of the generator of Figure 1 . 
With reference to the drawing views, generally 
and schematically shown at 1 is a generator of 
20 threshold voltage Vth embodying this invention and 
intended for supplying the gate electrode G of a 
transistor M of the MOS type. 

This generator 1 comprises a first operational 
amplifier 2 having two inputs and being of the 
25 differential cell type, for example. A first A of said 
inputs, also referred to as the inverting (-) input, is 
connected with one end to a current generator ld, 
and with the other end, to the drain electrode D1 of 
a MOS transistor Ml. This transistor M1 has its 
30 source S1 connected to a reference potential 5 and 
the gate electrode G1 connected to the drain D1. 

Basically, the inverting (-) input of the amplifier 
2 is connected to ground through the transistor M1 
into a diode configuration. 
35 The other input B of the amplifier 2, referred to 

as the non-inverting ( + ) input, is connected to the 
output of a voltage amplifier 3 having a gain value 
defined by a parameter a. 

This second-mentioned amplifier 3 has an input 
40 connected both to a current generator Id and to a 
reference potential via a MOS transistor M2, which 
is connected in the circuit into a diode configura- 
tion and has its gate G2 and drain D2 in common 
and its source S2 connected to said potential 5. 
45 The generator 1 layout is completed by a third 

amplifier 4 connected downstream from the first- 
mentioned amplifier 2 and being characterized by a 
gain expressed by the 1/(a - 1) ratio. 

Detailed in Figure 2 is one embodiment of the 
so generator 1 circuit. 

The differential amplifier 2 is structured with a 
first cell comprising bipolar transistors Qla, Qlb 
connected in a common-base link and, via a tran- 
sistor T1 , to a constant reference voltage Vd. 
55 The emitter of transistor Qlb is indicated at A 

because it would coincide with the inverting input 
of stage 2. Connected to that input are the drain 
electrode D1 of the MOS transistor M1 and the 
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corresponding current generator Id. 

The differential cell also includes transistors 
Q2a and Q2b which make up, in combination with 
another transistor T2, a biasing circuit 6 configured 
as a current mirror. 

Arranged in parallel with the first-mentioned 
transistor pair Q1a, Q1b is a bipolar transistor Q5 
of the npn type having the emitter connected to the 
potential 5 via a resistor R and the collector C5 in 
common with the collector C6 of a transistor Q6 of 
the pnp type. The last-named transistor Q6 cor- 
responds essentially to the second amplifier 3 of 
the layout shown in Figure 1 and has its emitter 
connected to the reference voltage Vd via a resis- 
tor having a resistive value of R/a. 

A second cell comprises a pair of bipolar tran- 
sistors Q3a, Q3b connected with their bases in 
common. A further transistor T3 connects these 
bases to the reference voltage Vd. 

The emitter, indicated at B, of the transistor 
Q3a represents the non-inverting input of stage 2. 
Connected to this input are the drain D2 of the 
MOS transistor M2 and the other generator Id. 

A current-mirror biasing circuit 7 comprises 
transistors Q4a, Q4b and T4 connected to the pair 
Q2a, Q2b as in circuit 6. The bases of transistors 
Q4a, Q4b are connected in common and to the 
base B6 of transistor Q6. Additionally, the area of 
transistor Q6 is a times as large as that of transis- 
tor Q4a. 

The circuit 1 structure is completed by a pair 
of transistors QD1 and QD2 of the bipolar npn type 
which are connected serially to each other and in a 
diode configuration. These serve the function of 
ensuring an adequate collector-emitter voltage drop 
across transistor Q5. 

The former, QD1, of these transistors has its 
collector in common with the collectors C5 and C6 
of transistors Q5 and Q6, whilst the emitter of the 
latter, QD2, transistor is connected to the potential 
5 via a resistor R. 

This emitter also constitutes the output U for 
the circuit 1 whereon the voltage value Vout, cor- 
responding to the desired threshold voltage Vth, 
becomes available. 

Thus, a ground-referred threshold voltage is 
generated, but nothing forbids said threshold volt- 
age from being tied to the value of the supply 
voltage Vd. This can be accomplished simply by 
connecting the series of the transistor-diodes QD1, 
QD2 and output resistor R to the supply Vd rather 
than to ground 5, using pnp transistors. 

The operation of the inventive generator will 
now be described. 

Designated Vov, the overdrive voltage, is here 
below the difference between the gate-source volt- 
age drop across the MOS transistors M1, M2 and 
the threshold voltage Vth, i.e. Vov = (Vgs-Vth). 



The current flowing through a MOS transistor 
operated in the saturation range is given by the 
relation: 

5 lo = [uo Cox/(1 + Q Vov] (W/L) Vov 2 (1 + I Vos)- 
(1) 

where, uo, Cox are characteristic parameters of the 
transistor, W and L are the width and length of the 
io channel region, Q is a parameter accounting for the 
mobility of the charge carriers, and I accounts for 
channel length modulation, the two last-mentioned 
ones being second-order effects. 

The instance of I = Q = 0 will be considered 

75 first. 

The value of the a parameter is defined by a 
relation between the ratii (W/L) of each of transis- 
tors M1 and M2, namely by: 

20 (W/L>2 = a 2 (W/L)i (2) 

where a is equal 1 .5-2. 

The currents flowing through transistors M1 
and M2 are the same and entirely due to the 

25 contribution from each corresponding generator. Id. 
By virtue of the circuit networks composed of tran- 
sistors Qla, Q1b; Q2a, Q2b; Q3a, Q3b; Q4a, Q4b; 
no current will enter the circuit nodes A and B. 
Accordingly, the relation between the overdrive 

30 voltages Vov of the two transistors M1, M2 may be 
expressed as follows from (2): 

Vovi = a Vov 2 (3) 

35 whence, 

V2-V1 = a(Vov 2 +Vth) - (Vovi+Vth) = (a-1)- 
Vth (4) 

40 allowing an output voltage Vout to be obtained on 
the output U which is equal to the desired thresh- 
old voltage Vth. 

It matters to observe that both transistors M1 
and M2 have the source connected to the potential 

45 5, i.e. to ground, which prevents the so-called 
"body" effect from occurring. 

When the second-order effects are also consid- 
ered which are due to the mobility of the carriers, 
as brought about by the overdrive effect, and to the 

so channel length modulation brought about by Vds 
(Q and I parameters), the error percent in obtaining 
the threshold voltage Vth can be estimated. 

Taking the two currents flown through transis- 
tors M1 and M2 as identical with each other, rela- 

55 tion (3) for the overdrive voltage may be re-stated 
as follows: 

Vov, = a Vov 2 + (1/2)(Q - l)(a-1) Vov 2 2 (5) 
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Therefore, (4) will become: 

V 2 -Vi = (a-1)[Vth+ (1/2)(Q- I) Vov 2 2 ] (6) 

The term in square brackets is the error due to 
mobility and channel length modulation. Accord- 
ingly, the error percent E% of the error in deter- 
mining the threshold voltage is given by: 

E% = 100 (1/2)(Q - l)(Vgs 2 - Vth) 2 / Vth (7) 

which can be made smaller than 0.5%. 

Reverting to the example of Figure 2, the net- 
work comprising the first cell and the transistor M1 
carries out the voltage-to-current conversion of the 
threshold voltage plus the overdrive voltage of the 
first MOS transistor M1 . 

Likewise, the second cell and second MOS 
transistor M2 carry out the voltage-to-current con- 
version of Vth + V0V2 . 

The provision of the current-mirrors 6 and 7 
ensures both high accuracy and high output im- 
pedance. 

Through the legs of the first cell (Q1a,Q1b), a 
current 11 =Vgsi/R will flow, and a current 
12 = Vgs 2 /R will flow through the legs of the second 
cell (Q3a,Q3b). 

Transistor Q5 mirrors current 11 exactly, whilst 
transistor Q6 mirrors a current a 12, due to its 
dimensions. 

As a result, the output resistor R connected in 
series with transistors QD1 and QD2 will have a 
current lout flown therethrough which is given by: 

lout = a 12 - 11 = (1/R)(a Vgs 2 - Vgsi) = Vth (a - 
1)/R 

Thus, by selecting an output resistance Rout 
with a value of R/(a - 1), Vout can be accurately 
made equal to Vth. 

The voltage generator of this invention has 
shown to be well capable of operating at room 
temperature with an error below 2% for each value 
of the voltage supply in excess of 3.5 Volts. 

This circuit, moreover, is definitely to be pre- 
ferred over those liable to the so-called "body" 
effect. 

Claims 

1. Accurate threshold voltage generator for a 
field-effect transistor, being of a type effective 
to compensate for variations in the threshold 
voltage from a nominal value and characterized 
in that it comprises: 

a first amplifier (2) having a first input (A) 
connected to a current generator (Id); 



a second amplifier (3) connected ahead of 
a second input (B) of the first amplifier (A) and 
having an input connected to another current 
generator (Id); 

5 a third amplifier (4) connected after the 

first amplifier (2) and having an output (U) 
adapted to produce the value of said threshold 
voltage (Vth). 

70 2. A voltage generator according to Claim 1, 
characterized in that the first input (A) of the 
first amplifier (2) and the input of the second 
amplifier (3) are further connected to a refer- 
ence potential (5) via respective transistors 

75 (M1.M2). 

3. A current generator according to Claim 2, char- 
acterized in that said transistors (M1,M2) are 
field-effect transistors. 

20 

4. A current generator according to Claim 2, char- 
acterized in that said transistors (M1,M2) are 
arranged in a diode configuration. 

25 5- A current generator according to Claim 1, char- 
acterized in that said second amplifier (3) has 
a gain whose value is given by a predeter- 
mined a parameter, whilst said third amplifier 
(4) has a gain which is defined by the 1/(«-1) 

30 ratio. 

6. A voltage generator according to Claims 3 and 
5, characterized in that said a parameter is tied 
to the dimensions of the channel region of said 

35 transistors in accordance with the relation: 

(W/L)2 =a 2 (W/L) 1 , where W and L are the width 
and length, respectively, of the channel region. 

7. A current generator according to Claim 1 , char- 
40 acterized in that said second amplifier (3) is a 

bipolar transistor. 
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